We have probed the tidal tails of the Sagittarius dwarf spheroidal galaxy using
Introduction
Since its discovery (Ibata et al. 1994) , the Sagittarius dwarf spheroidal galaxy (Sgr) has served as an important probe for the understanding of the properties of our Galaxy.
Unlike other previously identified Milky Way satellite galaxies, Sgr is a relatively nearby galaxy with clear evidence of being tidally disrupted. Less than two years after its discovery the Sgr was found to have 'tidal tails' (Mateo et al. 1996 ) -stars which have been stripped from the main body of the dwarf galaxy by its interaction with the Milky Way Galaxy.
This led to the finding that the Sgr actually had an extended and prominent stream of stars that was ultimately traced over the entire sky (Majewski et al. 2003) .
The core of the Sgr is located below the bulge of our Galaxy as seen from the location of the Sun. Its orbit has been found to be near polar and both leading and trailing streams of tidally stripped stars accompany the core. These streams trace out the full orbit of the Sgr and overlap each other in certain places. Unknown at this time is the number of orbits the streams represent and how long ago these streams have been pulled from their host. The Sgr and its extended tidal streams of stars are a very important and unique opportunity to probe several areas of modern astrophysics. By studying the locations and kinematics of the tidal streams, one is probing the orbit of the dwarf galaxy as it moves in and around our Galaxy's gravitational potential. The orbit of such a system is quite sensitive to the physical properties of the potential and more importantly on the distribution of the mass that creates the potential. Precise mapping of the orbit of the Sgr will therefore lead to a constraint on the shape of the dark matter that surrounds our Galaxy.
A photometric study by Bellazzini et al. (2006) found a gradient in the ratio of old to young stars along the arms of the Sgr tidal streams. In their work, they looked at the number of Blue Horizontal Branch (BHB) stars compared to the number of Red Clump (RC) stars in the core of the Sgr and in an area far from the core along one of the tidal streams. They found that the BHB stars are five times more abundant in the stream than in the core of the dwarf galaxy when comparing to the RC stars. Their results were based solely on star counts from photometric data which means contamination from various sources (galaxies in the BHB colors and foreground disk stars in the RC colors) were harder to eliminate than if there were spectroscopic information available. Seeing this as an opportunity, we set out to observe RC stars spectroscopically and try to confirm their membership in the tidal streams of the Sgr kinematically. The benefits of these observations would be two-fold. First, it would give a more precise measure of the number of intermediate age stars in the streams of the Sgr. Second, the kinematic measurements of the stream would be directly comparable to previous measurements using a new and unique stellar population and could help constrain different models of our Galaxy's dark matter halo.
In section 2 of this paper we will discuss the sample selection criteria and the observations and reductions of our spectroscopic data. Section 3 describes the analysis procedure used to provide a clean RC sample. In section 4 we present the results found using this stellar sample and follow it up in section 5 with a discussion of these results.
Data

The Sample
The candidate stars were selected using the Sloan Digital Sky Survey (SDSS) online database 2 . Using previous measurements (Majewski et al. 2003 (Majewski et al. , 2004 ) and simulated models (Law et al. 2005 ) of the Sgr tidal tails, two locations for study were chosen. These points are dynamically very similar according to the models but are at different distances -5 -from the Sgr. The models predict the possibility of more than one arm of the tidal debris overlapping in these areas that are at roughly the same distance from the Sun but have velocities which are different by several hundred kilometers per second. This point is important for several reasons. The most important reason is that only a single magnitude range would be necessary to isolate stream stars from different arms. Also, the velocity difference is necessary to separate one tidal arm from the other. Furthermore, a large difference in velocities, with one being positive and the other negative, would help to ensure a clean sample. Table 1 shows relevant values for our selected fields and Figure 1 has our field positions in Galactic latitude and longitude overlaid on the spherical model of Law et al. (2005) .
To choose candidate RC stars, color and magnitude cuts were determined that would minimize the amount of contamination from various sources (mainly the disk of our Galaxy).
Using the work of Layden & Sarajedini (2000) we were able to obtain a reasonable color cut for our sample. Their photometric data of the globular cluster M54 and Sgr field stars provided a direct measure of the RC color for the Sgr proper which is given as V − I = 1.13 in their paper. To transfer to the SDSS photometric system we used the photometric equations by Robert Lupton given on the SDSS website 3 . The magnitude range was influenced by the expected distances of stream stars, telescope aperture, and the reliable range of the SDSS. The selection criteria adopted for this research was 0.5 < (g − r) • < 0.65
• CMD of stars in our fields with our selection box overlaid can be found in Figure 2 . The range in magnitude allows for two things. One is the possibility there is more than one wrap of the tidal debris and the wraps are at slightly different distances. The other is the possibility suggested in the models that there is a portion of the stream at a much closer distance to the Sun.
The reduction of all images was performed using the IRAF software package 4 . Bias levels, CCD response, fiber locations, and dispersion were all taken into account in the dohydra routine of IRAF. This facilitated the extraction of individual spectra from the images taken at the telescope.
Analysis
In an effort to extract meaningful information from the spectral data obtained as described in section 2, an analysis software framework was developed by the authors.
The ability to separate the RC stream stars from main sequence disk stars hinged on the ability to determine the kinematics of our sample as well as reliable stellar parameters. Of particular interest is the ability to quantify surface gravity since this parameter is a key discriminate for the RC sample.
The Procedure
Our procedure uses a grid of synthetic spectra to compare to our observed data. The synthetic stellar spectra were generated using the SPECTRUM program 5 with ATLAS9 model atmospheres 6 as input. These grids were generated to emcompass the entire parameter space likely to be observed in the program stars. The grid size for the effective temperature was 4000 to 6000 K with a step size of 250 K. For surface gravity a step size of 0.5 dex was used over a range of 0.5 to 5.0 dex. The metallicity range was -2.5 to +0.5 dex -8 -in increments of 0.5 dex.
A primary concern we had with the synthetic data (as well as the scientific data)
was how the normalization would be carried out. SPECTRUM allows for the synthetic spectra to be output in a normalized form. This true normalization can be quite different from the normalized, pseudo-continuum found for the science data by fitting the non-flux calibrated spectra. Direct comparison between the two normalizatons leaves open the possibility that systematic errors could be introduced in the form of incorrect line strengths because of incorrect continuum placement. To avoid this possible problem we decided to output the synthetic spectra in absolute flux values and normalize them later in the same way we normalized the scientific data. The normalization procedure we used involved the ROOT software package 7 . There is a routine called Background in the TSpectrum class of this package that can determine a background level of a spectrum. To determine the background, the routine uses a Sensitive Nonlinear Iterative Peak clipping algorithm. More information about the routine and the algorithm can be found in the reference material on the ROOT webpage. Normalizing both the synthetic and scientific spectra with this routine meant that any incorrect placement of the continuum would be in both sets of data and therefore would not lead to systematic errors when comparing the two.
The method determined to be best suited for determining the stellar parameters of our program stars is a χ 2 type technique. The χ 2 difference between a scientific and synthetic spectrum was calculated for a specific set of synthetic stellar parameters. That difference was then compared to the difference from other sets of parameters. A convergence criteria was adopted to reliably determine the best parameters that employed the method of steepest-descent. Beginning with expected median values for our sample, three parameters were allowed to vary sequentially and independently to locate a new minimum in the χ Once the best grid point was found, the better result from a cubic spline and quadratic fit was used to determine the most accurate solution from the minimum χ 2 value and its neighboring values.
Since the full spectrum of a star is not sensitive to all stellar parameters at every single wavelength, specific sections of the full spectrum were selected to help determine each parameter. These different areas were given weights in order to include as much useul information as possible without introducing too much noise. A table of the wavelength ranges, adopted weights, and constrained stellar parameter can be found in Table 2 . One sees that we are using the Balmer lines as an effective temperature indicator with greatest weight on the H β line. We have done this because the S/N drops rapidly at the blue end of the spectrum limiting the usefulness of the H γ and H δ lines. Surface gravity was determined from the wavelength region that included the magnesium B-lines and the magnesium-hydride molecule. Other areas were investigated but nothing was found to improve the results from this single range. Our abundance information is spread over the entire wavelength range but excludes the Balmer lines and magnesium B-line regions. All the areas between our other indicators were used with greater weight on the red end of the spectrum because of the higher S/N and prominent iron lines in this region.
The Validation
To confirm that our software produced quality results, a sample of approximately 70 stars was used from Allende Prieto et al. (2008) . These stars have spectra obtained from the SDSS telescope and stellar parameters determined with the pipeline software developed for SEGUE. They have also been observed at high resolution and stellar parameters have been extracted from these results as well. The parameter range of these standard stars covers the RC region we are interested in. The effective temperature of the sample ranges from roughly 4500 to 6250 K. The surface gravity ranges from roughly 1.0 to 5.0 dex and the metallicity ranges from roughly -2.5 to 0.0 dex. As can be seen in Figure 3 , the procedure developed for this research matches the high resolution results quite well (not shown is the comparison between our results and the SEGUE pipeline results which shows a similar agreement). The figure shows the difference between stellar parameters determined using our routines on the SDSS spectra and those determined from the high resolution spectra. Of note is the fact that the stellar parameters determined with our technique show differences that have means of close to zero and distributions that are Gaussian in shape. Furthermore, the widths of the distributions are on the same order as the synthetic data's grid spacing which means our resolution is dominated primarily by the grid spacing as expected. This means our procedure gives reliable stellar parameters and does not introduce any significant systematic errors. Figure 3 also shows the difference in the radial velocity determination between the two methods. The width of this distribution is quite respectable at 3-4 km s −1 and there is a slight offset of ∼ +6 km s −1 . Table 3 shows how our procedure compares with the high resolution and pipeline results. In summary, our software is considerably faster than the SEGUE pipeline and produces results with a similar accuracy and precision in this stellar parameter range which makes it an excellent tool for the anaylsis of our program stars.
Results
As was described in section 2.1 our selection criteria allowed for the inclusion of quite a significant background, namely the disk of our Galaxy. Since we observed stars spectroscopically, however, we were able to take advantage of the fact that the stream and disk stars are in different stages of the stellar life cycle. This coupled with the velocity information provides discrimination between the stream and disk stars. We will first describe the procedure used to select the stream stars from our full sample and will follow that with the results these stars provide us. Figure 4 shows a plot of GSR velocity versus surface gravity for our program stars.
Separating the Sample
This plot shows exactly what is expected: a large number of stars with low velocities (∼0 km s −1 ) and high surface gravities ( 4 dex in log g) as well as a population with lower surface gravities ( 2.5 dex) and very different velocities (∼ -125 km s −1 ). The former group is undoubtedly the disk stars in our sample and the latter is the RC stars in the tidal stream of the Sgr. One could put a hard cut on these two variables to produce a reasonable sample of stream stars. We chose to use other information to select our sample and confirm that we are choosing the right group by reproducing this plot with the sample separated.
As a start we looked at the dependence of surface gravity on temperature. The results can be seen in Figure 5 . The disk-like population is apparent in the lower left corner as the large group centered at a temperature of roughly 5500 K and a surface gravity of roughly 4.25 dex. The RC stars we are interested in should be above this group in the plot (lower surface gravities) and so we adopted the two selection cuts represented by the lines in the figure. These cuts are 1) a hard cut at log g < 3.25 (the solid line) and 2) the temperature dependent cut log g < temperature / 500 -7.55 (the dashed line). The second cut was selected to eliminate stars along theoretical isochrones that would be expected for a population of stars similar to the disk of our Galaxy.
Using these two cuts, we then looked to see if there was any dependence of the GSR velocity on the g • magnitude of the stars. Since the RC is a part of the HB, the absolute magnitude of all these stars should be roughly the same. Therefore, by looking at the apparent g • magnitude we are indirectly examining the distance of the stars. One can see in Figure 6 there are two distinct groups of stars. The brighter stars have quite a different velocity distribution than the fainter stars do. We interpret this to mean that the brighter stars are likely thick disk or halo stars in our sample since they are brighter (closer) and have velocities consistent with either of those two populations of our Galaxy. This led us to another cut of 3) g • > 17 (the faintest stars in our data set). If the brighter stars are a contamination from the thick disk or halo of our galaxy we would expect them to be randomly distributed through our data. If the brighter stars are part of a closer stream they would likely be more localized and coherent. Figure 7 shows that indeed the former is true and gave us confidence that this selection criteria is sound.
Armed with the three cuts mentioned, we revisit Figure 4 but now make the plot with two distinct groups from the sample. The result is Figure 8 . Those meeting the criteria explained above have been plotted as solid squares and those not meeting the criteria have been plotted as crosses. There is obviously a little overlap between the two groups but this fact is to be expected. There are RC type stars in different populations of our Galaxy and they could have velocities that are close to the velocity of stars in the Sgr stream.
The significant point is that our systematic selection of low surface gravity stars with magnitudes between 17 < g • < 18.7 gives us a sample of stars with very similar velocities.
Furthermore, the velocity at which these stars move is very different from any Galactic -13 -component in the same direction.
The plots discussed in this section are for the observing run in August 2007 only.
Similar plots for our February 2008 observing run have been made and the same set of criteria applied. Now that we are convinced that our data does have a sample of stars that are consistent with a RC population in the Sgr tidal streams and we can select them using stellar parameters obtained from our analysis software, we can perform measurements of the streams.
Properties of the Sgr RC
The number of stars in each group of our data provides some meaningful information and is found in Table 4 . As can be seen, our observations probed a little less than half the stars SDSS says there are in this region of the sky with these color and magnitude cuts. In There seems to be no division in the kinematics of the BHB stars based on abundance so all BHB stars are combined into a single histogram. While there is not a strong dynamically cold signal seen, there is a peak of stars in both samples with velocities -100 km s −1 .
Both samples also have a tail extending toward more positive velocities.
Shown in Figure 14 are histograms of GSR velocities in the area we probed with our August 2007 observations. Our RC results are again shown with the M giant results of Majewski et al. (2004) but the other curve is data 10 from the dynamical model of Law et al. (2005) which has been cut in location and distance to match our observations. One can see that there is not a large difference between the models. Our results tend to agree the best with the spherical model and agree the least with the prolate model (there is a large peak at positive velocities for stars with slightly larger distances in the prolate model and we see no trace of it in our data). Because the differences are small we cannot say with confidence that we definitely favor one model over another, however. It must be noted that the models of Law et al. (2005) were constrained by the results of Majewski et al. (2004) and therefore it is no surprise that they agree. It is significant, however, that our independent results not only match those of Majewski et al. (2004) but also tend to rule out the prolate model of Law et al. (2005) . A more recent paper (Law et al. (2009) better agreement between our data, the BHB sample and the model.
Density of RC Stream Stars
As mentioned earlier, our sample is relatively complete with selection cuts only being made in magnitude and color. We therefore do not anticipate any kinematic bias in the RC sample. A small amount of metallicity bias is possible since the color of the RC is affected by metal abundance. However, the width of the color selection window is such that we expect this bias to be inconsequential. We therefore expect that we can make a fair determination of the RC density in the trailing and leading streams.
Before determining this value we are also concerned with the question of whether the RC star sample is truly a sample of PopI, RC stars. This portion of the H-R diagram contains several stellar types which are not PopI stars. These include the metal poor K giants, the metal weak RHB stars and of course, potential contamination from the large population of main sequence stars. We have shown in section 4.1 that by removing the brighter stars in the sample the contamination of disk type stars is quite small. We further expect that the metal poor K giants are not a significant contaminate because the metallicity distribution has an average around [Fe/H] = -0.4. This is not indicative of K giants in the halo field. We further test this by plotting our August sample relative to the Besancon model, using the same color and magnitude cuts as our data and selected to match our observing fields. Figure 11 shows excellent agreement between our disk sample and that predicted by the Besancon model for a sample of stars chosen using our T ef f /log g cuts. The peak velocity and dispersion are consistent, suggesting our disk sample is indeed composed of stars in the Galactic disk. The Besancon model halo stars, chosen from our T ef f /log g cut, is quite different from the RC sample. The RC stars show a large peak with kinematics that are consistent with other publications of the trailing arm of the Sgr in this location. Furthermore, and most importantly, the RC sample shows virtually no population that would be consistent with the halo field. This indicates that the RC sample is constrained to the stream and is not represented in the general halo field. This would be expected if the RC sample is indeed predominately PopI, RC stars. Other than the primary stream peak, our sample only shows one very small peak, centered under the disk velocity distribution. We expect that this small peak may be a very small number of contaminating disk stars.
With this information we are now ready to compute the density of RC stars in the trailing arm of the Sgr. We note that 3 of the 8 observed fields taken from the August run lie at the periphery of the stream as plotted in Figure 1 . These three fields also show no signal of the Sgr. In order to constrain the density as well as possible, we do not consider these three fields in the volume calculation and instead only concentrate on fields that are clearly located within the stream. The volume calculation is performed by summing up the total area observed in these five fields. Each WIYN field has a total area of 0.785 square degrees. This we multiplied by the 5 fields to get a total area of 3.95 square degrees. The depth of the observation was established by using an estimate of the appropriate absolute g magnitude from the Girardi (Girardi & Salaris 2001) isochrones, and forcing the stream distance to match that of the new Law models (Law et al. 2009 ) for this region of the Sgr stream. The optimal absolute g magnitude for the RC sample was found to be g abs = 0.6.
Using this value we established that our stream data extended from 20 kpc to 38 kpc.
The volume was computed by determining the volume of a cone truncated at 20 kpc. Our computed volume was V = 18.7 kpc 3 .
The number of observed RC stars in the trailing arm of the stream is N = 23 ± 3 -18 -stars. Because we were not able to observe every available star in the selected sample from the SDSS photometry, we used the ratio of the number of observed stars to that selected from the SDSS photometry as a filling factor. This gave us an expected number of Sgr stars of N = 56 ± 6. This results in a density of ρ = 3.0 ± 0.3 RC stars/kpc 3 .
Unlike the August data set, the February sample, which probes the leading arm of the Sgr, is surprisingly sparse. Figure 18 is the same as Figure 11 for the August data. It is readily apparent that a pronounced peak for the leading arm is absent in this figure. The disk stars of our sample again agree quite well with the location and dispersion predicted by the Besancon model data. The RC data, however appears to be scattered uniformly in velocity with only a very small peak near v GSR = -80 km s Compared to our August fields in the direction of the southern trailing arm, the northern leading arm has been an enigma. Although the total RC sample listed in Table   4 shows the February data to contain more RC stars than the August data, the February data shows a very weak signal and questionable peak kinematically. One possibility for the lack of a strong signal is projection effects which increase the area of the stream on the sky.
In the M giant sample of Majewski et al. (2003) If foreshortening were to affect our data then the lack of a strong signal could be caused by the large area of sky over which the stream is spread as viewed from the Earth. This, however, does not seem to be the case. The region of the stream which we are sampling is at a distance of 25 -38 kpc with l ∼ 245
• . This is a region of the stream that is still associated with the northern arm from the Majewski et al. (2003) paper and a comparable distance to the Sgr sample in the trailing arm.
To more quantitatively compare our August and February data, we have assumed that the small peak in February is actually a signal of the leading arm. The number of stars affiliated with the stream is N = 12 ± 3. Using the selected SDSS photometry sample to assign a filling factor, the expected number of RC stars in the stream is N = 24 ± 6.
In order to sample the highest density of the stream we have used the six fields that are centered on the stream and computed a total area of 4.71 square degrees. The volume was computed in the same way as the August data, only over a distance of 25 -38 kpc. This gave a total volume of 19.2 kpc 3 and a density of ρ = 1.3 ± 0.3 RC stars/kpc 3 . Because it is not completely certain that the peak in February is associated with the leading arm, this density should be considered an upper limit. Even assuming the maximum value is correct, it is significantly less dense than the RC stars in the southern trailing arm. A table summarizing our star counts and densities can be found in Table 5 .
As a final test of the possible effects of foreshortening we have compared the density of the southern trailing arm and northern leading arm using the Law model. We chose areas from the model data that included our fields' coordinates and distance and computed the density in the same way as for the RC sample. The chosen fields were very uniformly populated by model points over the area in consideration. The ratio of densities between the southern trailing arm and the northern leading arm was found to be 1, suggesting that we should expect very similar densities in both arms.
The scarcity of RC stars in the leading northern arm raises the question of whether
there is a population gradient between the two streams. The fact that the Yanny et al.
(2009) data showed a strong signal in the PopII, BHB stars while we find a disparity of RC stars seems to suggest that the northern leading arm is deficient in PopI stars. (2009) were for PopII, BHB stars, and as Figure 20 shows, it is well populated in the Northern leading arm. In contrast, our current RC sample has only a small suspected peak at ∼ 80 km s −1 . This small peak matches well with the velocity expected for stars deposited two passages ago. Apart from this very weak signal, our data shows no other evidence for RC stars in the survey region of the leading arm. We do, however, find a very large RC signal in the August data. This strongly suggests that the young/intermediate, RC stars in the Sgr stream were preferentially stripped during the most recent peri-galacticon passage of the Sgr.
Discussion
We have shown that we can successfully separate RC type stars from a background of disk type stars using only stellar parameters obtained from medium resolution spectra and low to moderate signal to noise. This procedure applied to areas of the sky in the direction of the tidal streams of stars from the Sgr provides results that agree with previous measurements done on the stream. Most notably, the kinematics we have found match other populations of stars both qualitatively and quantitatively. Since the RC population of stars in the Sgr system seems to be a sizeable sample, one should be able to probe differences in densities of stars stripped from the galaxy proper. Our comparison of the RC sample densities in the southern trailing arm and the northern leading arm indicates a factor of 2 disparity between the two stream locations.
This evidence coupled with previous investigations suggests the young population stars have been stripped at a lower rate during previous orbits of the Sgr. This further suggests that the distribution of the young Sgr population was more centrally located than the older PopII stars. Because our argument was based in part on stream models, it would be extremely beneficial to continue this type of program using complete samples of PopII stars, such as the BHB stars. This would allow a direct comparison of populations and firmly establish the significance of the population gradient.
A clear benefit of studying the RC population in more detail is to further constrain the shape of the dark matter halo surrounding our Galaxy. When comparing to axisymmetric models, our data favors either a spherical or slightly oblate halo according to the -23 -
The Sgr orbiting in and around the potential of our Galaxy offers a unique opportunity to study an isolated galactic system. The RC population can be used as an effective probe to help constrain both the shape of the dark matter halo and the initial distribution of stars in the Sgr galaxy. We have shown that this population of stars can be extracted from the significant background and yield results which are consistent with other populations of stars.
Several different populations of stars with different ages are needed to fully characterize the interaction of the Sgr with our Galaxy and the RC is a justifiable and observable group to use as a young component.
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Facilities: WIYN (Hydra). Law et al. (2005) (spherical is red, prolate is green and oblate is blue). These correspond to the area of our Aug 07 56 ± 6 3.0 ± 0.3
Feb 08 24 ± 6 1.3 ± 0.3
